It is assumed that the mechanical properties of the mantle may be described in terms of dislocation behaviour and some of the consequences are examined. Geologically acceptable strain rates and a mantle attenuation characterized by a frequency dependent Q are found in this approach. Maxima are expected in the strain rate and attenuation with depth.
Introduction
Is it appropriate to consider dislocations when dealing with geological problems, for example, deformations of the mantle? The answer to this question is suggested by considering two opposing aspects of the problem: if dislocations are involved in such a process, the strain rate, i, may be expressed as
where p is the dislocation density, h is the average Burgers vector, and u the average dislocation velocity. If we remember that the mantle strain rate is estimated to be of the order of 10-'5-10-'6s-1, and take b and p to be of the order of 18, (lO-*cm) and 1 cm-', respectively, we find that the average dislocation velocity required to account for geological phenomena is only about 1 cm/year. Thus dislocations are highly efficient in producing deformations. On the other hand, let us suppose that there are no dislocations present in the mantle material. The half-life for diffusion, and hence for mechanical equilibrium by diffusion, will be of the order of
7~1 ' exp [ ( E * f P V * ) / k T ] ,
where 1 is the grain size, Ed: and I/* are the activation energy and activation volume for diffusion, respectively, P is the pressure, T is the absolute temperature, and k is Boltzmann's constant. If we take 1 = 1 cm and E* + PV* = 6 eV, then at a temperature of 1300 "C, 7 is of the order of 10" years. Thus, if one wishes even local mechanical equilibrium, I must be reduced; an effective mechanism for this would be provided by dislocations in the material. It must be admitted that none of the parameters used in the above calculations are conclusively known. We do not know directly the grain size or the dislocation density in the mantle material. We do not have reliable values of E* and I/* for oxygen in silicate materials. Indeed, there even is some latitude in our choice for the temperature as a function of depth. In the light of these uncertainties, is it justifiable to discuss dislocations in the mantle at all ? Several comments may be made. First, while it is true that specifics about the properties of the mantle are lacking, nevertheless general arguments may exist for considering dislocations. Secondly, the deductions from general principles may either suggest pertinent further work in the field and the laboratory or point to a contradiction between the deductions and the facts. In the latter case a whole class of phenomena or mechanisms can be omitted from further consideration. The reader, knowing the present predilection in science for positive results, has already anticipated our conclusion that dislocations can be a factor in deformation processes in the mantle. In the following sections we will discuss the possible contribution of dislocations to the plastic deformation and to the acoustic attenuation in the mantle. This discussion should not be interpreted as a denial of the existence or importance of other mechanisms for the above processes (e.g. Gordon 1965 ). Rather, it should be viewed as an exploration of alternatives, illustrating the inherent complexity of geological phenomena.
Discussion
Experience with ionic solids and metals indicates that dislocation mechanisms are important, if not dominant, in producing plastic deformations (Cottrell 1953 , Van Bueren 1960 . Dislocations are much less mobile in refractory and covalent solids, but at elevated temperatures (1200 "C), when electronic excitation reduces the directionality of the bonding, the plastic properties of these materials are expected to become similar to those of the simple solids (Day & Stokes 1964 , Copley & Pask 1965 , Van Bueren 1960 , Keith & Gilman 1960 . Thus, dislocations could be a significant factor in the plastic behaviour of mantle materials at ambient conditions; i.e. at the high temperatures and pressures found in the mantle.
Under certain assumptions concerning the nature of the mantle, dislocations are not only possible but also inevitable if mechanical deformations are to take place. As indicated in the introduction, deformations arising from the motion of point defects occur too slowly if the grain size is larger than about 1 cm. Thus, if the grains of the mantle material should be large, the only way in which the necessary deformations could be achieved would be through the participation of dislocations. Again, if the total strains are large, dislocations are required regardless of the grain size. Finally, dislocations are ultimately inevitable if solids are deformed at high strain rates as might occur, for example, at an earthquake source.
Plastic deformation
In this paper the term 'dislocation' designates the boundary between the slipped and unslipped regions of the crystal (Cottrell 1953) . This boundary can execute two basic motions, glide and climb. The glide motion occurs with great ease because only small atomic displacements are required at a given time. For the purposes of our discussion, the only impediment to this motion arises from barriers which pin the dislocation. In order for a pinned dislocation to move further the barrier must either move with the dislocation, thus exerting a drag on it, or be surmounted. Dislocations may surmount barriers either by thermal activation or, if the barriers are too large, by climb. The climb of a dislocation, requiring the diffusion of point defects to or away from the dislocation, is much slower than the glide motion. In most situations of interest, both motions-glide and climb-are involved; usually the rate limiting step is the climb over barriers which cannot be surmounted by thermal activation. Thus, in order to describe the behaviour of a dislocation as a function of depth, it is necessary to evaluate the effects of pressure and temperature on both glide and climb.
Since diffusion of point defects is required for the dislocation to climb, the strain rate produced by a dislocation at a given stress should be proportional to the diffusion coefficient. In other words, the strain rate may be expressed (i=ae-F*;kT where a must be obtained from more detailed considerations and F* is the free energy difference between the minimum and saddle point energy configurations of the diffusing species. Since mechanical deformations are limited by the motion of the least mobile atom, F* will be the activation free energy for the oxygen atom in most mantle materials. To take into account the influence of pressure and temperature on the activation process, we make a first order Taylor series expansion of F* about the reference state:
where E*, S*, and V* are the diffusional activation energy, entropy, and volume, respectively. V* in general could depend upon the pressure (i.e. higher terms of the expansion might be needed); however, experience and elementary elasticity calculations indicate that V* is essentially constant for compressions up to at least 0.8 V,. Thus the strain rate may be written as
where 8 As an example, the overall deformation rate associated with climb is between lo-'' and 10-'2s-1 ifE*=5eV, V*=10A3, P=105 bars,and T=1400°C.
We now consider the effects of pressure and temperature on glide motion. If the barriers are point defects, the dislocation may move by dragging the barriers along with it (Cottrell & Jaswon 1949) . In this case the strain rate is given by equation (2), with 8, =2pb3 crD,/(lc T). If the material parameters given above are assumed, 8, is of the order of unity. It should be pointed out that in this case E* and V* are the activation energy and volume for the diffusion of the point defect.
As mentioned previously, dislocations will glide if they can escape from their barriers by thermal activation. For this process, the strain rate is E:=pb6ve-f'/kT where v is the atomic vibrational frequency, 6 the effective barrier spacing and f* the activation free energy for unpinning (VaiSnys 1966) . The pre-exponential factor is about the same as that found in the discussion of climb. The exact form off * depends upon the details of the dislocation-barrier interaction, but about 80% of the pressure dependence off* is through the effect of pressure on the shear modulus. Thus the free energy may be approximated as f* = C(O) p and the corresponding activation volume is given by V* = (aZnp/aP), E* ~44E*/p, where we have used the observation that in many oxides dpldPm4 (Anderson & Nafe 1965) . For example, in MgO the activation energy is probably close to 1 eV so that V* will be about 4 A3/atom. This value is two to five times smaller than the expected activation volume for oxygen diffusion.
Since the pre-exponential factors for glide and climb are of the same magnitude, but the activation energy for diffusion is much larger than that for glide, it is expected that the deformation rate of mantle material will be governed by processes requiring dislocation climb. Thus the effects of depth on the strain rate will be characterized by the activation energies and activation volumes associated with diffusion.
. . Attenuation
The energy loss associated with deformations produced by an alternating stress field a=ao sin(wt) (e.g. a seismic wave) may be characterized by Q or Q-', defined as follows:
n If the stress-strain relationship discussed in the previous section is used, we find that at a frequency of 1 Hz, Q ranges between 10' and 1013 if B is that associated with climb, as discussed in the previous section. These values are much higher than those usually encountered in seismic work; indeed, only if the frequency becomes of the order of the Earth tide frequency does the calculated Q begin to approach the experimental values.
The above discrepancy between calculation and experiment unfortunately does not mean that dislocations cannot contribute to seismic attenuation in the mantle. This pessimistic conclusion must be made for the following reasons. First, the creep rate will be limited by the slowest processes involved in deformation, whereas attenuation can be caused by the faster, non-creep limiting steps as well. Second, attenuation may arise from dislocation mechanisms which are not directly related to the overall creep behaviour of the mantle.
In the preceding discussion it was indicated that mantle creep would be limited by dislocation climb, since dislocation glide was relatively easy. Thus in calculating Q, a better first estimate might be obtained if the effective glide viscosity were used, rather than the creep viscosity. The glide viscosity will simply be a/i where B is calculated by using the activation energy and volume for unpinning. For example, should E* + PV* z 4 eV for dislocation unpinning in mantle materials, the associated Q could be of the order of lo3. It should be pointed out that the necessary lower viscosity could also be obtained by assuming a polyphase system in which the creep behaviour is determined by the less plastic phase but the attenuation is primarily produced by the less viscous material (e.g. one characterized by E* + PV* x 4 eV).
A number of processes are possible in which the dislocations contribute primarily to the damping but not to the creep. In most cases, unfortunately, little quantitative information, theoretical or experimental, is available. For example, Weertman (1955b) has analysed a mechanism in which damping arises as dislocations move over the potential field of randomly distributed impurities. Q is found to be frequency independent and of the order of lo2 a, c1/3/p62 p, where c is the impurity concentration and a , the corresponding stress. The value of Q can range between lo2 and 10' for reasonable choices of the parameters. Granato & Lucke (1956) have presented a quantitative analysis of the damping of dislocation loops and find that Q = (wa/pio) e(E'+PV*)lkT= wq/p, where the viscosity is q = u/B = qo d E * + P " * ) / k T e Thus Q-' =25wBpL4/p4 pb2, where B is the damping constant and Lis the loop length. If L z then Q is in the seismically observed range at frequencies of about 0.1-1 Hz. This choice of Lis almost certainly too high, however. Further, the analysis neglects entirely the effects of temperature. If thermal excitation is considered the problem becomes very complex: approximately however, Q-= [vb/(20wL)] e-(E'+P"*)lkT, where E* and I/* refer to the unpinning process (Friedel 1964) . The attenuation due to this mechanism can correspond to Q= 102-104 for reasonable choices of the material parameters.
Thus, while quantitative estimates of the attenuation in the mantle cannot be made, nevertheless certain qualitative conclusions should be noted. First, dislocations are a possible source of attenuation. Second, Q is likely to be frequency dependent. Third, in many cases the damping processes are characterized by activation energies and activation volumes, so that Q depends strongly on depth.
. 3 . Depth variation of creep and attenuation
The variation of B(o) and Q with depth may be calculated if the depth-pressuretemperature distribution is given and E* and V* for the pertinent processes are known.
Since reliable values of E*, V* and Bo are not available at present it is desirable to evaluate the strain rate (or attenuation)-depth relationship in genera1 terms. This may be done by specifying the depth, d,, of minimum deformation resistance (corresponding to minimum viscosity whenever the strain rate is proportional to a) or minimum Q as a function of E* and V*. A qualitative indication of the width of the plastic zone is provided by specifying the depth range over which the viscosity is within a factor of ten of that at d,. The value of d,,, as well as the width of the high plasticity layer, is a more or less local property, provided the temperature-depth relationship is monotonic and reasonably smooth.
If the average of the Clark & Ringwood (1964) temperature profiles is used, the temperature near d, may be represented as T=276d'l3 where LI is the depth in km. The depth at which the viscosity is a minimum is found by maximizing the expression for C, equation (2):
where E* is to be expressed in eV and I/:& in A3. The width of the plastic layer is found to be Ad=dz -d, x 1*8d,, where ti, and d, are the depths at which theviscosity is ten times the minimum viscosity. The minimum viscosity itself, corresponding to the depth, d,, may be expressed as qmin= qo exp [5.9(E*)z'3 ( 1/*)''3] where qo = a/Co(a). It is expected for diffusion that a < E * / V * < t , so that the minimum in the mantle viscosity should occur at depths of between 500 and 1000 km. The width of the high plasticity layer then would be between 900 and 1800 km. If, for example, E* = 5 eV, I/* = 10 A3, qo = lo4 poise, then qmin= 10' ' poise. The results are, of course, quite sensitive to the temperature-depth distribution.
The variation of Q with depth will be qualitatively similar to the viscosity-depth profile. However, since the mechanisms which determine the plastic behaviour and the attenuation in the mantle are different, the regions of minimum viscosity and Q are not expected to coincide.
Conclusions
In the preceding sections we have examined some of the consequences of the assumption that the mechanical behaviour of the mantle may be accounted for by dislocations. We find: (1) Geologically significant strain rates can be obtained. 
